Descent into sleep is accompanied by disengagement of the conscious brain from the external world. It follows that this process should be associated with reduced neural activity in regions of the brain known to mediate interaction with the environment. We examined blood oxygen dependent (BOLD) signal functional connectivity using conventional seed-based analyses in 3 primary sensory and 3 association networks as normal young adults transitioned from wakefulness to light sleep while lying immobile in the bore of a magnetic resonance imaging scanner. Functional connectivity was maintained in each network throughout all examined states of arousal. Indeed, correlations within the dorsal attention network modestly but significantly increased during light sleep compared to wakefulness. Moreover, our data suggest that neuronally mediated BOLD signal variance generally increases in light sleep. These results do not support the view that ongoing BOLD fluctuations primarily reflect unconstrained cognition. Rather, accumulating evidence supports the hypothesis that spontaneous BOLD fluctuations reflect processes that maintain the integrity of functional systems in the brain. default network ͉ fMRI ͉ neuroimaging ͉ non-rapid eye movement sleep This article contains supporting information online at www.pnas.org/cgi/content/full/ 0900924106/DCSupplemental. www.pnas.org͞cgi͞doi͞10.1073͞pnas.0900924106 PNAS Early Edition ͉ 1 of 6 NEUROSCIENCE
T here is a physiologically distinct change in the state of the brain during sleep in comparison to wakefulness that is manifest subjectively as altered awareness and objectively as reduced responsiveness to environmental stimuli. The electrophysiological correlates of sleep are sufficiently pronounced and characteristic as to be defining (1, 2) . Thus, natural sleep is characterized by a sequence of electroencephalographically defined stages that may be broadly divided into nonrapid eye movement (NREM) and rapid eye movement (REM) that cyclically alternate throughout the sleep period.
Over the past decade, PET studies have shown that throughout NREM sleep cerebral blood flow and metabolism are reduced in cortical association areas (3) (4) (5) (6) (7) , as well as in the brainstem, thalamus, basal ganglia, and basal forebrain (3, 4, 7) . NREM sleep is accompanied by reduced responsiveness to stimuli in regions involved in executive function, attention, and perceptual processing (5, 7, 8) . The deepest NREM sleep states are characterized by low frequency oscillations in the EEG during which cognition is thought to be greatly reduced (9) (10) (11) (12) (13) . During REM, cerebral blood flow and metabolism remain decreased in prefrontal and parietal regions but are increased in paralimbic areas, anterior cingulate, and thalamus (3, 7, 14) , a pattern consistent with the emotionality and reduced logicality notable in during dreaming (7, 15, 16) . REM sleep is also marked by atonia in skeletal muscles, reducing the ability to overtly respond to external stimulation. Thus, the transitions from wakefulness to successively deeper stages of NREM and then REM sleep progressively disengage the self from the environment.
It is now well-established that slow (Ͻ0.1 Hz) spontaneous fluctuations of the blood oxygen dependent (BOLD) signal show phase correlation in widely distributed functional networks (for review see ref. 17 ). The topography of these networks has proven to be highly consistent regardless of whether they are computed by correlation against selected seed regions (17) (18) (19) or by blind source separation methods (20) (21) (22) . We here generically refer to all such methods as functional connectivity MRI (fcMRI). Remarkably, the networks obtained by fcMRI closely match the topographies of functional responses obtained by task-related fMRI using typical sensory, motor, and cognitive paradigms. Thus, fcMRI-defined networks appear to be highly stable.
The assumption that spontaneous BOLD fluctuations represent uncontrolled cognition follows naturally from the wellestablished relation between task-related responses and directed cognition. By measuring functional signal correlations in human subjects during the transition from wakefulness to sleep, we directly tested this idea.
Three higher order functional systems located within association cortices were selected for study: the dorsal attention system (23) , which acts to focus perceptual processes on selected features of the environment (23, 24) ; the executive control system (25) , which governs overt responses particularly in circumstances of complex and potentially conflicting contingencies; and the default system (26) , which constitutes a set of regions in which activity is suppressed relative to quiet wakefulness during performance of externally oriented tasks. Current theoretical accounts of cognitive operations represented in the default system emphasize social cognition, episodic memory, and the construction of models of the external worlds (for a recent comprehensive review see ref . 27) . We also examined fcMRI in 3 primary sensory systems (visual, auditory, and somatomotor). Should fcMRI measures primarily reflect mentation, descent into sleep should be accompanied by significantly reduced fcMRI in those networks supporting higher order cognition with no change seen in primary sensory systems.
Results
Ten healthy young adult subjects (22-24, 6 female) participated in these studies. Of these, 5 reached light NREM sleep during the course of the scan session. Two subjects returned for a second night, one of whom again attained light NREM sleep. Thus, our data set is composed of 6 sleep records and 5 nonsleep records.
Functional connectivity was examined using distributed network seeds ( Table 1 , see Methods). The purpose of this study was to evaluate defined functional networks for shifts in their interregional connectivity in 2 different brain states. Thus, we chose to evaluate each region of the defined networks against the average network activity pattern to obtain the strongest measure of network, rather than regional, connectivity. Single seeded network connectivity was also evaluated, producing similar results to those found using the distributed network seed method (Figs. S1-S3). We found that all 3 higher order systems maintained their intra-system connectivity in light NREM sleep (Figs. 1 and S1). Further, these networks were consistent across subjects ( Fig. 1 ).
Primary sensory systems show little reduction in energy metabolism or blood flow during light NREM sleep, and BOLD responses are similarly unaffected (3, 4, 28) . We evaluated 3 primary sensory systems (Table 1) for changes in connectivity between wakefulness and light NREM sleep. As expected, these systems maintained their connectivity structure in early sleep, showing a consistent spatial pattern across subjects (Figs. 2 and S4).
While all systems examined maintained their interregional functional connectivity, the level at which this correlated activity was maintained differed between systems ( Fig. S5 ). Indeed, the correlation values for the visual, auditory, and somatomotor regions of interest (ROI) remained statistically unchanged between wake and sleep ( Fig. 2 and Figs. S3 and S5). Contrary to what one might predict, the dorsal attention network showed a significant increase in BOLD correlations in light NREM sleep relative to waking (P Յ 0.015, n ϭ 36 [6 subjects, 6 ROIs]). As one might expect, the executive control network decreased in correlation strength in light sleep although this effect did not reach statistical significance (P ϭ 0.08, n ϭ 18 [6 subjects, 3 ROIs]). Interestingly, the default network, like the sensory systems, showed no change in its BOLD (P ϭ 0.83, n ϭ 18 [6 subjects, 3 ROIs]) correlation structure in light NREM sleep.
To verify that the distributed seed ROI technique generated reliable results, we repeated the computations using as a seed ROI the most prominent node in each functional system (dorsal attention ϭ LIPS; default ϭ PCC; control ϭ LOP). This analysis replicated the main findings in all particulars ( Fig. S2 ). Paired t tests again showed a significant increase in BOLD (P ϭ 0.03, n ϭ 30 [6 subjects, 5 ROIs]) correlation strength in dorsal attention network ROIs. The executive control network illustrated a nonsignificant reduction in correlation strength (P ϭ 0.3, n ϭ 12) and the default network was again unchanged in temporal (P ϭ 0.5, n ϭ 18 [6 subjects, 3 ROIs]) correlation strength.
It has been reported that significant differences in BOLD signal variance occur in NREM sleep (29, 30) that may represent ROIs used to create distributed network seeds are noted in bold. Numbers in parentheses are references. a BOLD signature of sleepiness (30) . These studies focused specifically on visual areas, which have been shown by others to be affected by eye closure during quiet waking rest (31) , although increased signal fluctuation was also noted in whole brain. We evaluated changes in BOLD signal variance for both the whole brain signal regressed out of our functional connectivity analysis and for the variances in each ROI of our investigated systems. An overall increase in variance in sleep relative to waking was seen in the whole brain signal ( Fig. 3Ai : wake 4.77 Ϯ 2.0, sleep 5.59 Ϯ 2.2, n ϭ 6, P Յ 0.1). Signal variance in each cognitive system component ROI generally increased in light NREM sleep ( Fig.  3Aii ), although this did not reach statistical significance. The BOLD signal is illustrated for one subject in the transition from wake to light NREM sleep for the default network ROI and is typical of the level of signal variance in this transition for all systems analyzed (Fig. 3B ). The observed changes in signal variance were not attributable to subject motion as subjects exhibited significantly less movement during sleep (0.41 Ϯ 0.06 mm, n ϭ 7) than in wake (0.69 Ϯ 0.1 mm, P Յ 0.0004). It remains possible that the increase in whole brain BOLD signal variance reflects altered patterns of respiration (32) . We analyzed the BOLD spectral content to determine whether, like the EEG, it might exhibit a consistent shift in spectral content toward slower frequencies during the transition from waking to light NREM sleep ( Fig. 3C) . While there was a tendency for a shift to lower frequency content in BOLD in the descent to sleep in those systems that exhibited changes in functional connectivity strength, this was statistically nonsignificant when evaluated at 50 and 90% cumulative power (spectral edge) by network (parametric; P Ͼ 0.14 SE50, P Ͼ 0.18 SE90; nonparametric; P Ͼ 0.44 SE50, P Ͼ 0.30 SE90).
Discussion
The notion that the brain progressively disconnects from the external world as subjects fall asleep led us to hypothesize that measures of functional connectivity should similarly decrease in primary sensory and higher order cognitive systems if these measures reflect active information processing. However, while Table 1 ) and show strong cross-hemispheric connectivity across all subjects (n ϭ 6) in wake (i) that is maintained in sleep (ii).
Fig. 3.
BOLD signal variance was examined in the regressed whole brain signal (Ai, whole brain) and in each distributed network ROI following all regressions steps (Aii, solid bars). Whole brain signal variance showed a statistically significant increase with descent to sleep. There was a general trend toward increased signal variance in sleep (blue) relative to wake (red) in individual ROIs although this did not reach statistical significance. (B) A visual representation of the change in signal variance across state is illustrated. BOLD timecourses for each ROI in the default network are shown overlaid in the transition from wake (red) to sleep (blue). (C) Analysis of the BOLD spectral content demonstrates a general trend toward lower frequency bins in sleep (dashed lines) that was not statistically significant using either parametric (T, P Ͼ 0.14, SE50, P Ͼ 0.18, SE90, n ϭ 6 per network) or nonparametric (Wilcoxon rank sum, P Ͼ 0.44 SE50, P Ͼ 0.30 SE90, n ϭ 6 per network) methods.
there were some changes in functional connectivity in early NREM sleep, most systems exhibited little or no change. Thus, there was no evidence of reduced functional connectivity in the sensory (visual, auditory, and somatomotor) or cognitive networks (dorsal attention, default and executive control) examined. In particular the default network, widely associated with subjective awareness (33, 34) , showed no measurable change in functional connectivity in the descent to sleep. It should be noted that our small sample size (n ϭ 6) limits our ability to exclude quantitatively small changes; thus, to achieve an 80% confidence limit (␣ ϭ 0.05) for the observed effects size in the default network would require an additional 1000 subjects. The only change in functional connectivity was seen in the dorsal attention network, which (24) would arguably be the most likely to show reductions in network connectivity in sleep since it is known for its role in attention to the external environment. While power remained low (d ϭ 0.12, 70% confidence limit, ␣ ϭ 0.05), this network actually increased its connectivity. Despite the limitations in sample size, we are confident that if functional connectivity does change in early sleep, the magnitude of such changes is small. This is broadly consistent with previous reports on the effects of light sleep on network connectivity in humans (30) . We conclude that the available data do not support the view that intrinsic BOLD fluctuations primarily reflect conscious mentation (17, 35) . Rather, these intrinsic processes appear to exhibit quasi-structural properties that are preserved across levels of arousal.
Like sleep, anesthetic states are ones in which volitional cognitive processes are essentially abolished. Although representing distinctly different brain states, anesthetic states might be expected to produce reductions in interregional network connectivity. However, in keeping with the view that functional connectivity is preserved across levels of arousal, a recent study examining primate seed-based functional connectivity under isoflurane anesthesia (36) found that functional network connections based on spontaneous BOLD fluctuations were maintained under deep anesthesia.
Correlated activity within nodes of functional networks is necessary for the generation of normal functional organization during development (37) (38) (39) . In addition, activity dependent changes in synaptic weighting are believed to underlie experiential learning throughout the life span, promoting the dynamic reconfiguration of neural networks to meet changing sensorimotor and cognitive processing demands (40) (41) (42) . Sleep, particularly deep slow wave sleep, has been posited to represent a mechanism by which changes in synaptic weighting accumulated in wakefulness are homeostatically normalized (43, 44) . Given the ubiquitous nature of such processes in establishing and dynamically regulating neural network activity, such correlated activity may also be necessary for the maintenance of functional organization throughout the lifespan.
Perhaps most intriguing is the difference in connection strength between the functional networks examined in this study. While the minimal change in cross-hemispheric sensory systems was anticipated, the statistical lack of change in the default network was surprising. Behaviorally, the default network was defined on the basis of its disengagement from active cognitive processing (26, 45) , and others have reported reductions in metabolic activity and blood flow in states of reduced consciousness such as anesthesia (46, 47) and vegetative states (33) that are specific to a fronto-parietal network largely encompassing those regions that define the default network. Thus, given the loss of conscious volitional cognition represented by both sleep and anesthesia, both the default and attentional networks might logically be expected to reduce their connectivity in these states. The fact that this connectivity is maintained, even strengthened (as in the attentional network), suggests that the maintenance of connectivity in these networks is fundamental to brain function.
The slight reduction in connectivity seen in the executive control network may reflect the well-known disengagement of executive control during sleep (6, 7) .
Nonsignificant changes in BOLD signal variance in selected ROIs were seen in early NREM sleep along with a shift in BOLD spectral content toward lower frequencies (Fig. 3) . These effects qualitatively correspond to very well known electrophysiological effects but they are much smaller in magnitude. Similar shifts in BOLD spectral power have been described in human subjects during anesthesia (48) , where low frequency spectral power was reported to coincide with changes in intraregional correlation strengths. In our studies, these changes did not significantly correlate with state.
It is possible that larger sample sizes, descent to deeper NREM sleep, or REM sleep (where electrical activity more closely resembles that of wake), may result in clear changes in network connectivity. It is also possible that the abnormally restricted and noisy environment in which subjects slept affects connectivity in early sleep (for discussion, see SI Methods). However, the maintenance of functional networks under general anesthesia suggests that such connections, while they may change, will not be completely abolished. That the connectivity of interregional neural networks known to play a role in waking state function is maintained across all examined states of consciousness, suggests that maintenance of these network connections through ongoing spontaneous activity is of fundamental importance to the living brain.
Methods
Subjects. Ten right-handed, healthy human subjects (ages 22-54, 6 females) were recruited from the campus of Washington University under a protocol approved by the University's Human Studies Committee. All subjects gave informed consent and were compensated for their participation. Two subjects returned for a second sleep study.
Functional Imaging. Whole brain fMRI-BOLD (Siemens Allegra 3T scanner; TE ϭ 30 ms, 4 mm 3 voxels, 2.013 sec/volume, 1 sec pause between frames) was acquired using an EPI sequence locally modified to enhance the signal/noise ratio. Structural data used for atlas transformations included a high resolution (1 ϫ 1 ϫ 1.25 mm) sagittal, T1-weighted magnetization-prepared rapid gradient-echo scan. fMRI runs were 20 min (398 volumes) in duration. Sleep latency, in most healthy subjects, falls within this time window (49) . BOLD acquisition continued without interruption during interrun intervals (45 sec, 12 frames) needed to save the electroencephalographic (EEG) data to disk and restart recordings. This protocol ensured that subjects did not experience abrupt (arousing) changes in the auditory environment. Sleep sessions were conducted at night and included three to four 20 min runs. Sessions were terminated when subjects indicated that they were either unable to continue sleeping or were uncomfortable.
fMRI Data Preprocessing. fMRI data preprocessing included compensation of slice-dependent time shifts and elimination of intensity differences in even-odd slices resulting from interleaved acquisition, rigid body correction for interframe head motion, intensity scaling (to whole brain modal value of 1000), and atlas registration by affine transformation (50) . Each fMRI run was transformed to atlas space and resampled to 3 mm 3 voxels.
Electroencephalography (EEG). Electroencephalography (EEG) data were acquired simultaneously with fMRI (DC-3500 Hz, 20 KHz sampling rate) using the MagLink™ (Compumedics Neuroscan) system (modified 10/20, 64 electrodes) and the Synamps/2™ amplifier. Sixty-four EEG leads were placed in an extended version of the International 10 -20 system using the MagLink™ cap (Compumedics Neuroscan), including an external cardiac lead (In Vivo Research Inc.) that was used in a later artifact correction step, and bipolar vertical eye leads. Electrodes were referenced to an electrode placed 5 cm posterior to CZ. Gradient artifact and ballistocardiogram were reduced using Scan 4.5 and Curry 6.0 software respectively (Compumedics Neuroscan). Instantaneous power in 4 classic frequency bands (sigma, 11-15 Hz, alpha, 8 -12 Hz; theta 4 -8 Hz; delta, 1-4 Hz) was computed for a 15 electrode transverse bipolar montage and used to evaluate state transitions from wake to sleep in 30 sec epochs (see SI Methods). Data were also visually scored in 30 sec epochs by an experienced observer (J.M.Z.) Fig. S6 according to standard criteria (1, 2) . The EEG was impacted by recording in the scanner bore and from artifact reduc-tion, making it necessary to very carefully evaluate records for sleep depth (see Fig. S7 , SI Methods).
Analysis. Functional connectivity was assessed using methods described previously (19) . The seed regions used to produce these maps are noted in Table  1 , with those ROIs used to construct distributed network seeds noted in BOLD type. Briefly, following regression of noise signals (whole brain signal, ventricular signal, and white matter signal) (see ref. 19) , the averaged BOLD time series was extracted from 12 mm diameter spheric volumes centered on foci defined by Talairach coordinates (Table 1, Fig. S8 ). The extracted seed time series was then correlated to all other brain voxels to produce spatial correlation maps. Correlation coefficients from each unique tested pair were used to construct a correlation matrix used to evaluate correlations within and between identified networks during quiet waking and sleep (Fig. S3) , where sleep was defined as those periods in which stable, stage 2 sleep was attained (14.7-37.6 min, see Table S1 ). Seeds defined for the task positive attention network (19) were centered on the intraparietal sulcus (IPS) and the frontal eye field (FEF) region. For the task negative (19) or default (26) network, seeds were centered on the medial prefrontal cortex (MPF), the lateral parietal cortex (LP), and the posterior cingulate/precuneus region (PCC). For the executive control network (51), seeds were centered on the dorsal anterior cingulate/medial superior frontal cortex (dACC) and on the bilateral insula/frontal opercular region (LOP and ROP). Three additional seeds representing a distributed network region of interest were also created for the default network Statistical Analysis. Random effects analyses were performed on fcMRI group data (P ϭ 0.01, multiple comparison corrected) and displayed using in-house software. CARET brain mapping software (http://brainmap.wustl.edu/caret; ref. 55 ) and the PALS human cortical atlas (56) were used to create display maps based upon these spatial image maps. A repeated measures analysis of variance (MANOVA) was performed to assess the effect of state on network. This analysis yielded no significant effect of state F (5, 30) ϩ0.342, P ϩ 0.6. For cognitive networks, in which observations were not balanced, an analysis of variance (ANOVA) was performed with network, state, and the interaction between network and state as independent variables. A significant difference between networks was found [F (2, 71) ϭ 61.08, P Ͻ 0.001], but there was no significant effect of state [F (1, 71)0.28, P ϭ 0.6] or the interaction of network and state [F (2, 71) ϭ 0.403, P ϭ 0.67] Planned comparisons of state in each network are reported as paired t tests. Group data were analyzed using JMP 7.0 (SAS Insititute, Inc.). For analyses of BOLD variance, BOLD time series data were extracted for seed and distributed seed ROI's from the default, executive, and attentional networks and power spectral density (psd) was calculated using an autocorrelation method and the mean psd was calculated across subjects for each ROI (n ϭ 6 per network ROI). To clarify possible shifts in the distributions of the psd across state, the data were transformed to cumulative power plots for statistical testing of the spectral edge (SE), calculated at 50 (SE50), and 90 (SE90) percent cumulative power. Both parametric (Student's t test (T) and nonparametric (Wilcoxon signed rank) methods were used to assess statistical differences in psd between waking and sleep states for each network of interest.
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Supporting Information
Larson-Prior et al. 10 .1073/pnas.0900924106 SI Methods Staging Sleep. Sleep staging using EEG acquired during simultaneous fMRI presents a unique challenge as artifact reduction also removes some signal. Thus, 2 methods were used to identify changes in EEG signal by stage. In the first, EEG data were reviewed for artifact and scored by a board certified neurophysiologist (J.Z.) using a standard sleep montage (transverse bipolar). Six subjects reached and maintained stage 2 sleep as identified by spindles of sleep (supporting information (SI) Fig.  S6 , red box; Table S1 ) and K-complex activity (Fig. S6, green  box) . While spindle activity was readily identifiable, note that K-complexes were somewhat attenuated by the artifact reduction methods.
Power Spectral Analysis. The second approach was one in which spectral content of the EEG was analyzed on 30 sec epochs to determine whether spectral signatures of sleep state changes could be demarcated. Following initial artifact reduction (gradient and ballistocardiogram (BKG), see Methods) and remapping to a bipolar montage, EEG data were exported into MatLab (MathWorks) using EEGLAB (1) input routines where: (i) the unreliable data at the beginning and end of the acquisition was discarded, (ii) signals which exhibited markedly poor signal quality upon visual inspection were eliminated, and (iii) motion artifacts and residual gradient artifact were identified by visual inspection and discarded. In all instances where the signals were edited, the start time and duration of the deleted segments were noted. The resulting preprocessed data were band-pass filtered to the delta (1-4Hz), theta (4-8Hz), alpha (8-12 Hz), sigma (12) (13) (14) , and beta (12-30) bands using a 45 point finite impulse response (FIR) filter. The signals in each band were stored and processed separately. For a given band, each signal was broken into nonoverlapping 30 sec segments and the power spectral density (PSD) was computed using Welch's method (2) . The average of the PSD in each segment was then concatenated to produce a time series P d (t) for each differential signal. Since the data had previously been analyzed by a human expert and sleep stage determined according to standard criteria (3), the resulting sleep scores were assembled into a time series, S(t), which was carefully adjusted to correspond to the processed EEG taking into account data segments that were removed during preprocessing.
The results for all frequency bands for each subject were complied and 3 differential sensors were selected for detailed analysis: T7-C3 (central), O1-O2 (posterior) and F4-F8 (frontal). In addition to P d (t) and S(t), 2 ratios were calculated and plotted: theta/alpha (T/A; P d, (t)/P d,␣ (t)) and the alpha slowwave index (ASI; 4), proposed by Muller and colleagues as a spectral measure of sleep state and calculated as P d,␣ (t)/ ((P d, (t)ϩ P d,␦ (t)). Correlation coefficients (Pearson) were computed between S(t) and each of the P d,b (t) and ratio time series.
The descent to sleep has been defined as one in which there is a shift from predominance of alpha band activity, particularly in posterior regions, to one of theta band activity (5) . This was evaluated as the T/A ratio in a posterior (O1-O2) and a frontal (F4-F8) derivation, where it proved to be correlated to scored sleep state in all subjects (range: r ϭ 0.2-0.7; 0.42 Ϯ 0.06 mean Ϯ SEM; Fig. S7A ). As a further measure of the slowing characteristic of the descent to sleep, we calculated the ASI in the central (T7-C3) derivation. While this measure was robust in subjects exhibiting a rapid descent to stage 2 sleep (Fig. S7B) , it was poorly correlated to stage in individuals who exhibited a long period of stage 1 activity. The measure was always negatively correlated to T/A, but varied between subjects enough that it was not used as a correlative measure of sleep stage.
Sleep spindles and K-complexes represent 2 defining characteristics of stage 2 sleep (3, 5) . In addition to visual identification of both, we evaluated power in the sigma (spindle) and delta (K-complex) bands in electrode derivations known to strongly exhibit these classic signals (6) . Both sigma and delta power were evaluated in frontal areas using the F4-F8 derivation, and delta-band power was additionally evaluated in a posterior (O1-O2) derivation. Sigma band activity was strongly present only in visually scored stage 2 sleep (Fig. S7C) , providing a spectral signature of spindle activity necessary for defining this stage. In addition, delta band activity generally peaked in stage 2 sleep, although there was often a more gradual transition in this signal band between stage 0 and stage 2.
Statistical Analysis. As has been the case for previous studies reporting EEG/fMRI results in the transition from wake to sleep (7, 8, 9) our results are reported for a small population size (6 data sets). In general, group imaging data would have been analyzed using a fixed effects analysis. However, because we report on unequal samples (see Table S1 ), this was not possible. For that reason, we analyzed our data using the more stringent random effects model, while recognizing that a small sample size cannot provide reliable statistical information on the total population.
While statistical analysis of network correlations are reported using paired t tests, we also performed an analysis of variance (ANOVA) where state was the between factor and regions of interest were within factors. This analysis yielded a statistically significant difference (P ϭ 0.001) between networks but no statistically significant interactions between state and networks. The effect size, calculated as the standardized difference of the means, was 0.06 for the default network, 0.08 for the executive network, and 0.12 for the attention network. Only the attention network exhibited statistically significant differences between states on pairwise t tests.
Supplemental Discussion
Functional Magnetic Resonance Imaging of Sleeping Human Subjects.
The use of simultaneous EEG and fMRI, which is required for rigorous investigation of brain activity in which electrographic changes are the classic determinate of state, is still in its infancy. Acquiring high quality EEG in a strong magnetic field presents a host of challenges (10, 11, 12) for which processing algorithms continue to be developed and improved (13, 14, 15) . For studies seeking to understand changes in brain network activity and function during normal sleep, the additional challenge of having subjects fall asleep naturally in a novel and somewhat uncomfortable environment must be met.
When subjects are not asked to deprive their sleep, and are further asked to sleep earlier than their normal bedtimes, early reports indicate that many are unable to achieve anything more than a state of drowsiness or early stage 1 sleep. Stage 1 sleep is a transitional state considered by many sleep researchers to not represent true sleep, increasing the difficulty of studying ''true'' sleep during fMRI scanning. Thus, only 60% of subjects in our study and 54% of subjects in an earlier report (8, 9) were able to achieve stable, electrographically verified sleep.
A further confound concerns the length of time over which subjects are asked to maintain or achieve sleep. A normal sleep cycle is about 90 min in duration, although times vary by individual, by time during the sleep cycle, and by a number of other factors. None-the-less, at present all sleep studies performed using fMRI in nonsleep-deprived subjects consist of an early stage (1st cycle) in the sleep cycle and none have reported 90 continuous minutes of sleep. Thus, the data collected in these nonsleep deprived subjects largely reflects napping and may thus differ from earlier PET studies where much later stages in the normal sleep cycle periods have been evaluated.
The combined use of EEG and fMRI holds great promise for gaining understanding of brain function during sleep, and even within different periods of the normal sleep cycle. Furthermore, because it is noninvasive, great gains in understanding differences or changes in brain function or network connectivity under pathological or sleep-deprived conditions may be fruitfully pursued. As methodology and technology proceed, our ability to provide quality data in a larger number of subjects will also improve. At present, however, the number of subjects who are able to achieve significant levels of analyzable sleep without sleep deprivation remains relatively low.
Is Sleeping in the Noisy and Restrictive Environment of a Scanner
Normal Sleep? While our analysis was able to produce electrographically verifiable stage 2 sleep, a reasonable discussion of the normalcy of sleep in an inherently abnormal environment such as that of an operating scanner should be considered. Reports in both animals (16, 17) and humans (18, 19) suggest that prolonged auditory stimulation affects normal sleep architecture with adverse effects on cognitive task performance. While that may have little bearing on brain function in early, short-term sleep bouts, it indicates the need to consider that sleep in suboptimal environments may not constitute truly normal sleep. Four studies provide some insight into this issue, examining the response to auditory stimulation during sleep using simultaneous EEG/fMRI (20, 21, 22, 23) . The subjects in these studies underwent sleep deprivation protocols before scanning. In all cases, subjects exhibited functional activation in response to scanner noise although most reported some reduction in BOLD signal intensity during sleep. While these studies differed in both the depth of sleep achieved (stage 1 only in ref. 23 , stages 2-3 in refs. 20, 21, 22) and used different auditory stimuli, all note that auditory cortices exhibit changes in BOLD signal in sleep. It should be noted that the central interest in these studies concerned auditory processing rather than the effect of noise/ auditory stimulation on sleep during scanning. However, the noise level during scanning is generally higher than that of a quiet room at night and must be considered as a possible influence on sleep quality. Fig. S1 . Functional connectivity maps derived from distributed network seeds in the attention, default, and executive control networks. Random effects analysis (n ϭ 6, P Ͻ 0.01 multiple comparison corrected) of z-score maps of network correlations are represented. These data are the basis for the conjunction maps illustrated in Fig. 1.  Fig. S2 . Functional connectivity maps derived from a single seed placed in an ROI for each network of interest that is common to that network across studies. LIPS (attention network), PCC (default network), and LOP (executive control network) were seeded and used compare changes in network connectivity across state (Random effects analysis, multiple comparison corrected, P Ͻ 0.01, n ϭ 6). Results did not significantly differ from those reported using distributed network seed analysis. S4 . Conjunction maps for the 3 sensory systems evaluated in this study, now seeded in the right sensory cortex. Note the strong similarity to results illustrated in Fig. 2 where the left hemisphere was seeded. ASI in a single subject for whom the ratio clearly defined the descent to sleep (r ϭ -0.81). Note that this subject spent very little time in stage 1 sleep, descending rapidly from wake (stage 0) to stage 2. (C) Sigma power in the descent to sleep in a single subject (r ϭ 0.80). In this subject, there was a constant rate of rise in sigma band power that accounted for a very strong correlation to state, but increased sigma power correlated to scored state was strong in 5/6 subjects. S1. Subject demographic information including the amount of time (sec/min) and the number of MR frames (frames) spent in each identified sleep stage (ST0, wake; ST1, stage 1; ST2, stage 2) 
